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Drosophila Lk6 Kinase Controls Phosphorylation
of Eukaryotic Translation Initiation Factor 4E
and Promotes Normal Growth and Development
MAPK binding sequence (Figure 1C; see also Figure
S1 in the Supplemental Data available with this article
online). We therefore proposed that Lk6 is the Drosoph-
ila Mnk ortholog.
To investigate the function of lk6, we mobilized the P
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Mixte de Recherche 6543 element EP3333, inserted in the first intron of the gene
(Figure 1A). Two imprecise excisions were obtained thatParc Valrose
06108 Nice Cedex 2 delete part of the lk6 locus and thus may constitute lk6
loss-of-function alleles. lk61 contains a 3 kb deletion,France
which removes an alternative 5 exon but leaves intact
the rest of the coding sequence, allowing the production
of lk6-A but not lk6-B transcripts (Figures 1A and 1B).Summary
Homozygous lk61 mutant flies show reduced viability
(20% lethality) and are fertile. Adult lk61 flies emergeEukaryotic initiation factor 4E (eIF4E) controls a crucial
with a 1–2 day developmental delay and a reduction ofstep of translation initiation and is critical for cell
mass of 13% in males and 20% in females comparedgrowth [1]. Biochemical studies have shown that it
to the wild-type (Figure 2B). lk62 deletes all lk6 exonsundergoes a regulated phosphorylation by the MAP-
downstream of the EP3333 insertion site, as well askinase signal-integrating kinases Mnk1 and Mnk2
sequences 5 of the neighboring gene CG6923 (Figure[2, 3]. Although the role of eIF4E phosphorylation in
1A). Homozygous lk62 animals die as young second-mammalian cells has remainedelusive [4], recentwork
instar larvae with dramatic growth defects (data notin Drosophila has established that it is required for
shown). To exclude the possibility that some of thesegrowth and development [5]. Here, we demonstrate
defects may result from the deletion of functional se-that a previously identified Drosophila kinase called
quences in CG6923, we examined the lk61/lk62 heteroal-Lk6 is the functional homolog of mammalian Mnk ki-
lelic combination, which shows a more severe pheno-nases. We generated lk6 loss-of-function alleles and
type than lk61 homozygotes. lk61/lk62 flies have reducedfound that eIF4E phosphorylation is dramatically re-
viability (45% lethality) and a 20% reduction in mass induced in lk6mutants. Importantly, lk6 mutants exhibit
adult males and 25% in females as compared to hetero-reduced viability, slower development, and reduced
zygous controls (Figures 2A and 2B). lk61/lk62 mutantadult size, demonstrating that Lk6 function is required
larvae present growth defects, as manifested in endo-for organismal growth. Moreover, we show that uni-
replicating tissues such as the fat body and the salivaryform lk6 expression rescues the lethality of eIF4E
glands (30% size reduction for fat body cells; see Figurehypomorphic mutants in an eIF4E phosphorylation
2D). Whenmeasured in the adult wing, growth reductionsite-dependent manner and that the two proteins par-
(12%) appears primarily caused by a defect in cell num-ticipate in a common complex in Drosophila S2 cells,
ber with barely any effect on cell size (Figure 2C), indica-confirming the functional link between Lk6 and eIF4E.
tive of a balanced reduction of cell growth and cell prolif-This work demonstrates that Lk6 exerts a tight control
eration. The stronger phenotype of lk61/lk62 comparedon eIF4E phosphorylation and is necessary for normal
with lk61 homozygotes confirms that lk61 is a partial loss-growth and development.
of-function allele. Ubiquitous da-GAL4-driven expres-
sion of an lk6wt construct rescued the lethality, the
Results and Discussion delayed development, and most of the size reduction
associated with lk61/lk62 combination, confirming that
To investigate the regulation of eIF4E phosphorylation mutant animals are indeed deficient for lk6 function (Fig-
in the physiological context of a developing organism, ure 2B).
we scanned the Drosophila genome for kinases related lk61/lk62 mutants present a mass reduction, devel-
to the vertebrate Mnk proteins. The best match corre- opment delay, and lethality comparable to eIF4E mu-
sponded to the sequence of a predicted kinase encoded tants expressing a nonphosphorylatable form of eIF4E
by the lk6 gene. The Lk6 kinase was previously identified (eIF4ESer251Ala) from a minigene [5]. This and the similarity
as a putative centrosomal, microtubules-associated between Lk6 and mammalian Mnks suggested that lk6
protein, although a clear centrosomal function for Lk6 mutants might be deficient in eIF4E phosphorylation. To
has not been established [6]. Alignment of the Lk6 and test this possibility, we compared the level of eIF4E
human Mnk1/2 protein sequences shows a high level phosphorylation in wild-type and lk61/lk62 mutant ova-
of similarity in the kinase domain (65%–76%), as well as ries after metabolic labeling with 32P-orthophosphate of
the conservation of specific features of theMnk kinases, eIF4E. Figure 3 shows that eIF4E immunoprecipitated
such as the presence of three regulatory Threonines, an from mutant ovaries incorporates only 10% of the [32P]-
N-terminal stretch of basic amino acids involved in orthophosphate found in the control (quantified with a
eIF4G binding in vertebrate Mnks, and a conserved Phosphorimager; see Figure S2), revealing a 90% reduc-
tion of eIF4E kinase activity in the mutant. Thus, Lk6
kinase is required for physiological levels of eIF4E phos-*Correspondence: leopold@unice.fr
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survive to the third instar [7, 5]. Although uniform lk6
expression causes no growth phenotype on its own
(data not shown), it suppressed the larval lethality of an
eIF4EScim-a/eIF4E67Af hypomorphic combination (Table 1;
Figures 4A–4C). Interestingly, expression of a modified
Lk6 protein (Lk6T424D), mimicking a constitutively active
version of mammalian Mnk1 (T332D) [8], better rescued
growth in eIF4Emutant larvae, allowing development to
small pharate adults (Figures 4A and 4B). Remarkably,
expression of lk6T424D in the weaker eIF4EScim-a/eIF4EScim-a
homozygous combination led to the emergence of via-
ble, albeit small, adults (Table 1; Figure 4C). These re-
sults indicate that the major growth and developmental
defects resulting from reduced eIF4E function are effi-
ciently compensated by increased Lk6 kinase activity.
If lk6T424D expression rescues eIF4E mutants through
the ability of the kinase to interact with phosphory-
latable eIF4E, it should not further rescue an eIF4E mu-
tant expressing a nonphosphorylatable form of eIF4E
(eIF4ESer251Ala). We tested this hypothesis by expressing
a UAS-eIF4ESer251Ala construct under the control of the
ubiquitous daughterless-Gal4 driver in an eIF4EScim-a/
eIF4E67Af background. In these conditions, eIF4ESer251Ala
expression only weakly rescues the larval lethality of the
mutant, whereas eIF4Ewt expression provides a com-
plete rescue. Coexpression of lk6T424D with eIF4ESer251Ala
did not provide a better rescue, indicating that Lk6 can-
not act through nonphosphorylatable eIF4ESer251Ala (see
Table 1). Overall, these data demonstrate that Lk6 posi-
tively controls eIF4E function through its phosphoryla-
tion and is required for growth and development.
In support of this conclusion, we found that, once
Figure 1. The Drosophila lk6 Locus Encodes Protein Kinases Ho- expressed in Drosophila S2 cells, tagged Lk6 coimmu-
mologous to the Mammalian Mnk Kinases
noprecipitated endogenous eIF4E. Reciprocally, tagged
(A) The genomic region encompassing lk6 as deduced from the eIF4E also coimmunoprecipitated endogenous Lk6 (Fig-annotated Drosophila genome predicts two alternative transcripts,
ure 4D). The presence of excess eIF4E correlated withlk6-A and lk6-B. Depicted are the GAL4-inducible EP3333 insertion,
accumulation of endogenous Lk6, suggesting that Lk6located 5 to the lk6-B transcripts, and the nearest 3 predicted
gene, CG6923, in relation with the two deletions (lk6 1 and lk6 2) could be stabilized upon association with eIF4E-con-
generated in this study (see Supplemental Experimental Proce- taining complexes (Figure 4D; compare lanes 5, 6, and
dures). 7). These results demonstrate that Lk6 and eIF4E are
(B) lk6-A and lk6-B transcripts were analyzed with RT-PCR in third- partners in a common protein complex in insect cells. Ininstar larvae of the indicated genotypes. Note that lk6-B transcripts
this respect, it is worth noting that Lk6 has a conservedare absent in lk6 1/lk6 1 and lk6 1/lk6 2 mutant combinations. lk6 2/lk6 2
eIF4Gbindingmotif analogous tomammalianMnks (Fig-young second-instar mutants showed traces of persisting maternal
transcripts (data not shown). Actin transcripts were used as an ure 1A), possibly enabling it to bind to the initiation
internal control. complex [9].
(C) The predicted structure of Lk6-A only differs from Lk6-B by a
52 aa extension at the N terminus. The Lk6 kinase domain is highly
similar to kinase domains of human Mnks (black box) (63% identity, Concluding Remarks76% similarity with Mnk2 and 54% identity, 67% similarity with
Our work establishes that loss of lk6 function compro-Mnk1). Highlighted by asterisks are three Threonine residues at
mises eIF4E phosphorylation and normal growth andconserved positions, which undergo phosphorylation by Erk/p38
MAP kinases on Mnks. A conserved stretch of basic residues re- development in flies. lk6 expression efficiently compen-
quired for eIF4G binding is present in Lk6 (hatched box), as well as sates for a reduction in eIF4E function, and the two
a MAPK binding motif also found in Mnk1 and Mnk2a (gray). proteins are part of a common biochemical complex
in vivo. Overall, this supports the notion that Lk6 controls
organismal growth through eIF4E phosphorylation. lk6phorylation in flies, suggesting that Lk6 acts as an eIF4E
kinase in vivo. mutant flies have reduced wing size caused by reduced
cell number. This phenotype is slightly different fromTo further confirm the link between eIF4E and Lk6,
we looked for possible genetic interplay between the what is observed in eIF4ESer251Ala-rescued eIF4Emutants,
in which growth reduction in the adult eye results mostlytwo genes during development. eIF4E mutants arrest
larval growth at various stages depending on allele from reduced ommatidial size and only slightly from a
reduction in their number [5]. This difference could bestrength and never reach late larval stages or pupariate.
eIF4E67Af mutants exhibit development arrest at the first explained if Lk6 acts on other targets in addition to
eIF4E.larval instar, whereas homozygous eIF4EScim-a animals
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Figure 3. In Vivo Phosphorylation of eIF4E Is Drastically Reduced
in lk6 Mutants
eIF4E immunoprecipitated from extracts of [32P]orthophosphate-
labeled ovaries (wild-type or lk61/lk62) was analyzed by autoradi-
ography for radioactive incorporation (top) and by blotting with
anti-eIF4E antibodies (bottom). After quantification with a phos-
phorimager, lk61/lk62 mutant extracts present a 90% reduction of
32P-labeled eIF4E, compared to control.
In mammalian cells, Mnks are phosphorylated by Erk
and p38 kinases on two conserved Threonine residues
in their catalytic domain [2, 3]. Whereas Mnk2a exhibits
a nonregulated high basal activity, phosphorylation of
Mnk1 byMAP kinases greatly enhances its eIF4E kinase
activity (for review, [4]). Interestingly, the Erk/p38-tar-
geted residues, as well as the MAPK binding domain
present in Mnks, are conserved in Lk6 (see Figure S1).
This, as well as the fact that Lk6 was found in an overex-
pression screen for modifiers of the ras-signaling path-
way in the Drosophila eye [10], suggests that, as in the
caseofMnks, Lk6 activity is linked to the ras/MAPkinase
cascade in vivo.
Although phosphorylation of eIF4E has been consis-
tently associated with activation of protein synthesis,
studies in mammalian tissue culture cells have yielded
contradictory results concerning the functional signifi-
cance of eIF4E phosphorylation during translation initia-
tion [11–13]. In particular, recent biophysical data estab-
lished that phosphorylation of eIF4E reduces its affinity
for capped mRNA [14], suggesting a model in which
Figure 2. lk6 Mutant Flies Exhibit Growth Defects
eIF4E phosphorylation by Mnk kinases triggers its re-
(A) Mutant lk61/lk62 (lk61/2) flies are smaller than wild-type flies, lease from the cap structure, therefore allowing recy-
whereas expression of a UAS-lk6 transgene driven by da-Gal4
cling and further recruitment of a new initiation complex(lk61/2 lk6) rescues the mutant growth defect.
on the cap. Facilitation of translation initiation through(B) Quantification of body weight reduction in mutant lk6males and
females (see Supplemental Experimental Procedures). lk61/lk61 and phosphorylation of eIF4E is in agreement with our dem-
lk61/lk62 flies exhibit significant weight reduction when compared onstration of a positive role for Lk6 activity in controlling
to control siblings (lk61/, lk62/) or the wild-type (wt). The weight cell and tissue growth. According to this model, forced
deficit is suppressed in mutant flies that expressed aUAS-lk6 trans- eIF4E phosphorylation might cause constitutive desta-
gene driven by the ubiquitous driver daGAL4, to reach 90% of the
bilization of cap complex and thus be detrimental tocontrol.
translation initiation, as already suggested in mamma-(C) Quantification of the wing area and wing cell number in wild-
type, siblings, and lk6 mutant males. Wing size but not hair density
is reduced in lk61/lk62 flies, indicating a reduction of cell number. T
test performed: * p  0.05; ** p  0.01; brackets indicate the geno-
red) reveals that lk61/lk62 larvae exhibit reduced cells size (30%types that were compared for p value calculation.
reduction for fat body cells) at equivalent developmental times. Sali-(D) Staining salivary glands (upper) and fat body (lower) cells for
vary glands are imaged at 20 and fat bodies at 40.membranes (phalloidin-FITC, green) and nuclei (Propidium iodide,
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lian cells [13]. Indeed, in the course of our experiments,
we observed that strong Lk6 overexpression in the eye
disc leads to subtle growth impairments (data not
shown). This suggests that a precise control of eIF4E
phosphorylation is necessary for optimal translation and
growth machinery function in vivo.
Recent genetic analysis of double Mnk1/Mnk2 knock-
out mice has revealed that both kinases are dispensable
for growth and development [15]. This difference with
our results in the fly could be because of redundancies
or compensatory mechanisms taking place in the regu-
latory circuitry of mammals. The Drosophila system
might thus provide a simpler version of an integrated
developing model, allowing important cell regulatory
mechanisms to be uncovered.
Supplemental Data
Detailed Experimental Procedures and two supplemental figures
are available at http://www.current-biology.com/cgi/content/full/
15/1/19/DC1/.
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homozygous mutant combination, and viable but small adults are
obtained.
(D) Coimmunoprecipitation of Lk6 and eIF4E proteins in Drosophila
S2 cells. (Lanes 1–4) S2 cells were transfected with Lk6 constructs.
Flag-tagged Lk6 was precipitated from cell extracts, and immuno-
precipitates were tested for the presence of endogenous eIF4E.
Control Western blot with anti-Tubulin antibodies shows quantities
Figure 4. Genetic and Biochemical Interactions between lk6 and of immunoprecipitated proteins (lanes 1 and 2); N.T. denotes “not
eIF4E transfected.” (Lanes 5–10) S2 cells were transfected with either
(A) Larval growth defects of eIF4E Scim-a/eIF4E 67Afmutants are rescued eIF4Ewt-Myc or eIF4ESA-Myc constructs. Myc-tagged eIF4Ewas pre-
by da-GAL4-driven expression of aUAS-lk6T424D transgene (dalk6T424D). cipitated from cell extracts, and immunoprecipitates were tested
A control larva is shown at the end of third instar (110 hr), whereas for the presence of endogenous Lk6. Excess eIF4E results in an
mutant and lk6-rescued larvae were aged two more days. increased amount of Lk6 in the cell extracts (lanes 6 and 7). Note
(B) Pharate adults of wild-type (control) and eIF4Emutants rescued that thewild-type form of eIF4E immunoprecipitates a larger fraction
by constitutive lk6T424D expression are shown. Rescued animals are of Lk6 than the SA (S251A) mutant form (compare lanes 9 and
small and present a 5 day developmental delay. Some animals arrest 10), suggesting that the kinase in the complex is stabilized by its
and die at an earlier pupal stage (right). phosphorylatable substrate. The same controls as in lanes 1–4 were
(C) Ubiquitous expression of lk6T424D rescues the weakest eIF4E Scim-a used.
